Abstract. Distal-less 4 (DLX4) is a member of the DLX family of homeobox genes. Recent reports have suggested that abnormal expression of DLX4 is present in several types of human tumors, including breast cancer, leukemia and colon cancer. However, the function and the mechanistic regulation of DLX4 in hepatocellular carcinoma (HCC) are elusive. In the present study, a proportion of hepatocellular carcinomas were identified to exhibit upregulated DLX4 expression. This study proposed that the overexpression of DLX4 is associated with the downregulation of miR-122, an underexpressed miRNA in human HCC. Functional studies have demonstrated that the downregulation of DLX4 in hepatocellular carcinoma cell lines is regulated by miR-122 through binding to its 3'UTR. Furthermore, a DLX4 overexpression vector lacking the 3'UTR was shown to abolish miR-122-induced inhibition of proliferation in the HCC cell line Hep3B. These results gave new insight into the mechanism of the miR-122/DLX4 axis in HCC.
Introduction
Distal-less homeobox gene 4 (DLX4) is located on chromosome 17q21-22 and is a member of the DLX family of homeobox genes (1) . Although absent in the majority of normal adult tissues, DLX4 has been reported to be widely expressed in leukemia and lung, breast, ovarian and prostate cancers (2) (3) (4) (5) . The expression of DLX4 mRNA has been shown to be significantly increased in tumors with lymph node metastasis and a high histological grade (6) . The expression levels and potential roles of DLX4 in HCC, however, remain to be determined. Hepatocellular carcinoma (HCC), has a high incidence of tumor recurrence and metastasis, and is considered to be a major worldwide health problem (7) . The oncogenic and tumor suppressive functions of numerous genes have been characterized; however, the molecular mechanisms of HCC are complex and remain to be fully elucidated. As a member of the homeobox family, DLX4 may be involved in HCC progression.
MicroRNAs (miRNAs) are a broad class of small, non-coding endogenous single RNA molecules that function in gene expression through directly binding to the 3'-untranslated region (3'UTR) of the target gene mRNA, resulting in mRNA cleavage or translational repression (8) . miRNAs are differentially expressed in human cancers and have essential roles in carcinogenesis, including the development of HCC. Microarray analyses have started to identify the numbers of miRNAs that are dysregulated in HCC tissues as compared with normal tissues, including miR-122. It has been reported that microRNA-122 (miR-122), which accounts for 70% of the total miRNA in the liver, has a central function in the liver (9) . However, there are few reports investigating the association between miR-122 and DLX4 in HCC.
In the present study, the expression levels of DLX4 in HCC tissues were investigated and compared with those in the adjacent normal tissues. The association between DLX4 and miR-122 in HCC cancer development was next investigated. The effect of DLX4 knockdown, deletion of the 3'UTR of DLX4 or its inhibition by miR-122 on DLXR levels, cell proliferation and colony formation were investigated. This study may provide a novel insight into the mechanism of miR-122/DLX4 axis in hepatocellular carcinoma.
Materials and methods
Clinical HCC specimens and RNA isolation. Paired samples of primary HCCs and corresponding adjacent liver tissues from patients were obtained from the First Affiliated Hospital of Zhengzhou University (Henan, China) with the informed consent of the patients. Ethics approval was granted by the Ethics Committee of Zhengzhou University. Total RNA was extracted using the TRIzol™ Reagent (Invitrogen Life Technologies, Carlsbad, CA), according to the manufacturer's instructions. The average age of the patients, including four males and three females, was 55.0±5.6 years. Six patients were identified as hepatitis B positive. Tumors with moderate differentiation were identified in five patients Colony formation assay. Following transfection, the cells were seeded into 12-well plates at a density of 200 cells/well and the media was changed every three days. After ~10 days, most of the cell clones contained >50 cells. The clones were washed once with phosphate buffered saline and stained with crystal violet for ~5 min. Finally, images were taken of the clones, and the colonies were counted. The colony formation rate = (number of clones)/(number of seeded cells) x100%.
Quantitative polymerase chain reaction (qPCR).
The stem-loop qPCR method was used to detect the miR-122 levels in Hep3B cells. The detection of expression levels of DLX4 mRNA was performed as previously described (10) . The primer sequence for DLX4 was forward, 5'-CAAAGCTGTCTTCCCAGACC-3'; and reverse, 5'-GTTGTAGGGGACAAGCCAAG-3'. The SYBR ® Green Mix Taq™ kit (Takara, Shiga, Japan) was used to trace the amplified DNA.
Western blot analysis. The Hep3B cells were seeded into six-well plates at a density of 3x10 5 cells/well. The cells were transfected once the density reached ~80% confluency on the second day. The cells were lysed in radioimmunoprecipitation assay buffer 48 h after transfection, for 30 min at 4˚C. The protein concentration was measured by bicinchoninic acid assay and then 20 µg protein was separated by SDS-PAGE for further analysis. The primary antibodies used were rabbit polyclonal anti-human DLX4 (1:1,000; Abcam, Cambridge, MA, USA) and rabbit monoclonal anti-human GAPDH (1:1,000; Abcam). The secondary antibody was goat anti-rabbit immunoglobulin G conjugated with horseradish peroxidase (1:1,000; Abcam). The bound antibodies were detected with the use of Enhanced Chemiluminescence Plus Western Blotting Detection system (GE Healthcare, Buckinghamshire, UK) and the chemiluminiscent signals were detected with the use of high-performance chemiluminescence film (GE Healthcare).
Luciferase reporter assay and vector construction. The 3'-UTR sequence of DLX4 was predicted by TargetScan (www. targetscan.org/) to interact with miR-122. Plasmids containing the DLX4-3'UTR, DLX4-3'UTR with a mutated sequence of the 3'-UTR sequence and DLX4 open reading frame without the 3'UTR were constructed with technical support from Guangzhou Zhiyou Biotech Co. Ltd. (Guangdong, China) and inserted into pGL3 vectors (Promega Corporation, Madison, WI, USA). Following transfection of miR-122 for 24 h, Hep3B cells were transfected with pGL3/DLX4-3'UTR and pGL3/DLX4-3'UTR mutant plasmids. After 48 h of transfection, the luciferase activity of Hep3B cells was measured using the Dual-Luciferase reporter assay system (Promega Corporation). Construction of the DLX4 siRNA was designed according to a previous study (10) .
Statistical analysis. All data are presented as the mean ± standard deviation, from three independent experiments. Statistical analyses were performed using SPSS 16.0 software (SPSS Inc., Chicago, IL, USA) and statistical significance between treatment and control groups was assessed by analysis of variance or the Student's t-test. A P<0.05 was considered to indicate a statistically significant difference.
Results

DLX4 is downregulated in HCC tissues as compared with the adjacent normal tissues.
Previous studies have shown that DLX4 is upregulated in leukemia and lung, breast, ovarian and prostate cancers (2) (3) (4) (5) . In the present study, seven paired HCC tissues were analyzed by qPCR and western blot to detect the expression status of DLX4. It was identified that both the mRNA and protein expression of DLX4 was increased as compared with the adjacent non-tumor tissues (Fig. 1) . These data suggested that DLX4 was upregulated in HCC, implying that DLX4 may act as a tumor oncogene during HCC development. These data demonstrated that the expression of DLX4 in HCC was consistent with expression data obtained from other solid tumors.
DLX4 isoform 1 is targeted by miR-122, which downregulates its expression.
TargetScan was used predict miRNAs that may be involved in the regulation of DLX4 expression. As shown in Fig. 2A, 14 candidate miRNAs were identified. Subsequently, a luciferase assay was used to determine which miRNA was the most effective in regulating DLX4. Hep3B cells were transfected with a reporter vector along with the 14 miRNA mimics. The results indicated that miR-122 significantly downregulated the luciferase intensity of pGL3/Luciferase-DLX4-3'-UTR, with miR-138 and miR-216b to a lesser extent (Fig. 2B) . Subsequent studies therefore focused on miR-122, a liver specific and the most abundant miRNA in the liver. A second luciferase assay was performed to validate whether the DLX4-3'UTR was the target site through which miR-122 directly regulates DLX4 expression (Fig. 2C) . Hep3B cells were transfected with the reporter vector along with miR-122 mimics or NC mimics. The miR-122 mimics significantly decreased the luciferase intensity of Hep3B cells transfected with the DLX4-3'UTR reporter vector, whereas it did not affect the luciferase intensity of Hep3B cells transfected with the DLX4-3'UTR mutated vector (Fig. 2C) . The data indicated that DLX4 was a direct target of miR-122. The effect of miR-122 on the endogenous expression of DLX4 protein was assayed by western blotting. The DLX4 protein levels increased 2.95-fold in Hep3B cells transfected with miR-122 antisense mimics as compared with the control group (Fig. 2D) . The DLX4 protein levels were decreased by 58% in Hep3B cells transfected with miR-120 mimics as compared with the control group (Fig. 2D) . These results indicated that miR-122 targeted and repressed the expression of DLX4, which may explain, in part, the upregulation of DLX4 in HCC.
DLX4 is a critical mediator of the anti-proliferative effects of miR-122.
A previous study reported that the overexpression of miR-122 can inhibit HCC cell growth and promote apoptosis (11) . Since it was identified that DLX4 was directly targeted by miR-122, it was further explored whether DLX4 may be the critical mediator of the role of miR-122 in cellular proliferation in HCC. Firstly, qPCR and western blot analysis were used to assess the expression of miR-122 and DLX4 in Hep3B cells transfected with miR-122 mimics or siRNA DLX4 (Fig. 3A and B) . Silencing the expression of DLX4 using siRNA in Hep3B cells showed that the repression of DLX4 recapitualted the anti-proliferative effects of miR-122 ( Fig. 3C and D) . These results indicated that DLX4 is a critical mediator of the miR-122-associated anti-proliferative effects in HCC.
Ectopic expression of DLX4 without the 3'UTR counteracts the effects of miR-122 in Hep3B cells.
To further confirm that the effects of miR-122 on Hep3B cell proliferation are in part mediated by DLX4, a vector was constructed containing the coding sequence of DLX4 without the 3'UTR to avoid miRNA interference. Firstly, the expression of miR-122 in each Hep3B cell transfection was confirmed (Fig. 4A ). Following this, MTT (Fig. 4C ), colony formation (Fig. 4D ) and western blot assays (Fig. 4B ) were used to show that the ectopic expression of DLX4 alleviated the effects caused by miR-122 in Hep3B cells. These results further confirmed that miR-122 suppressed cell viability and colony formation by downregulating DLX4 expression in Hep3B cells.
Discussion
DLX homeobox genes, originally identified in Drosophila, are transcription factors that regulate the transcription of downstream genes. DLX4 belongs to the DLX group of homeobox genes in humans, and has at least two distinct spliced variants (12) . Loss of function studies of DLX4 in breast cancer have strongly implicated a role for this gene in cellular transformation, alterations to the cell cycle and apoptosis, and progression to a metastatic phenotype (12) . In the present study, it was demonstrated that DLX4 mRNA and protein were overexpressed in HCC tissues as compared with the adjacent normal tissues, further supporting a role in oncogenesis in solid tumors (Fig. 1) . Cavalli et al (13) reported that overexpression of DLX4 protein is caused by gene amplification in tumors. However, the mechanism of DLX4 gene regulation was shown to be complex in HCC. Previous research has estimated that at least 30% of protein-coding genes in the human genome are regulated by miRNAs, and that the majority of individual miRNAs target (14) . MiRNAs can function as novel types of oncogenes or tumor suppressors and aberrant regulation of specific miRNAs and their targets is associated with tumor cell proliferation, apoptosis, angiogenesis, migration and metastasis (15) . In the present study, a liver specific miRNA, miR-122, was identified that can directly target DLX4 and regulate its expression in HCC (Fig. 2) . The results presented in this study, for the first time, to the best of our knowledge, suggested that miRNA can participate in the regulation of DLX4 expression via mechanisms other than gene amplification (Fig. 5) .
MiR-122 is a liver-specific miRNA, and is the most abundant miRNA in the liver. It acts as a tumor suppressor by binding to target molecules involved in numerous biological processes, including cell proliferation, differentiation, apoptosis and angiogenesis in HCC (16) (17) (18) (19) . MiR-122 can modulate cyclin G1 expression in HCC-derived cell lines, and an inverse correlation between miR-122 and cyclin G1 expression exists in HCCs, indicating that cyclin G1 is a target of miR-122 (18) . MiR-122 also modulates B-cell lymphoma (Bcl)-w expression by directly targeting the binding site within the 3'-UTR. The cellular mRNA and protein levels of Bcl-w were shown to be repressed by elevated levels of miR-122, which subsequently led to a reduction of cell viability and activation of caspase-3. This suggested that Bcl-w is a direct target of miR-122 that functions as an endogenous apoptosis enhancer in HCC cells (16) . Other miR-122 target genes include SRF, Igf1R, ADAM10, ADAM17 in HCC (20) . In the present study, a new miR-122/DLX4 axis was 
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identified that inhibited Hep3B cell colony formation and cell viability. Ectopic expression of DLX4 without the 3'UTR alleviated the inhibition of colony formation and cell viability caused by miR-122 in Hep3B cells. Furthermore, DLX4 knockdown inhibited colony formation and cell proliferation in Hep3B cells. These results were in accordance with the tumor suppressor function of miR-122. These findings strongly support the involvement of the signaling pathway of miR-122 and its target genes in HCC tumorigenesis (Fig. 5 ).
In conclusion, the present study identified that: (1) DLX4 was upregulated in HCC tissues as compared with adjacent normal tissues at both the mRNA and protein level. (2) A liver-specific miRNA, miR-122, was identified, which directly targeted and reduced the expression of DLX4 in HCC Hep3B cells. This may contribute to the molecular mechanism of deregulation of DLX4 in HCC. (3) Overexpression of miR-122 or knockdown of the expression of DLX4 caused a marked inhibition of proliferation in Hep3B cells. This phenotype could be rescued by transfection with a DLX4 vector lacking the 3'UTR. These results provided strong evidence that DLX4 was upregulated in HCC and functioned as a tumor suppressor. The data supported that DLX4 is regulated by miR-122, which provides novel insight into the mechanism of the miR-122/DLX4 axis in HCC. Further studies are required to evaluate the function of DLX4 and the miR-122/DLX4 signaling pathway in other tumors.
